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 ABSTRACT 
 
    The aim of this research is to investigate the potential of Wadi Nyala as a water 
source for the supply of Nyala city and adjacent villages. Data needed for the study 
are meteorological and hydrological such as that of rainfall, evaporation, Wadi 
runoff, groundwater levels, topographic maps and groundwater hydrogeological 
information. Pumping test data was analysed to determine the Wadi Nyala aquifer 
hydrogeologic characteristics. A groundwater model based on VISUAL MOD 
Flow has been developed for Wadi Nyala. The model has been calibrated and 
various future management scenarios were tested.      
    It was found that the Wadi Nyala has a considerable potential groundwater 
resource. The research ended by summary, conclusion & recommendations; some 
of the important recommendations are that the current pumping rate may increase 
in the future up to 50%, with no major decrease in the groundwater levels and no 
negative effects on the aquifer. The increase may result from the current exist wells 
or the newly added ones. 
  
 
 
 
 
 
 
 
 
 
 
 
  
 ﻣﺴﺘﺨﻠﺺ اﻟﺒﺤﺚ
. ﻳﻬﺪف هﺬا اﻟﺒﺤﺚ إﻟﻲ دراﺳﺔ إﻣﻜﺎﻧﻴﺎت وادي ﻧﻴﺎﻻ آﻤѧﺼﺪر ﻟﻠﻤﻴѧﺎﻩ ﻟﻤѧﺪ ﻣﺪﻳﻨѧﺔ ﻧﻴѧﺎﻻ واﻟﻘѧﺮى اﻟﻤﺠѧﺎورة  
ﺗﻨﻘѧﺴﻢ اﻟﻤﻌﻠﻮﻣѧﺎت اﻟﺘѧﻲ ﺗﺘﻄﻠﺒﻬѧﺎ اﻟﺪراﺳѧﺔ إﻟѧﻰ ﻣﻌﻠﻮﻣѧﺎت ﺗﺘﻌﻠѧﻖ ﺑﻤﺠѧﺎل اﻹرﺻѧﺎد اﻟﺠѧﻮي وﻣﻌﻠﻮﻣѧﺎت ﻣﺎﺋﻴѧﺔ ﻣﺜѧﻞ 
اﻟﻤﻴѧﺎﻩ اﻟﺠﻮﻓﻴѧﺔ واﻟﺨѧﺮاﺋﻂ اﻟﻄﺒﻮﻏﺮاﻓﻴѧﺔ اﻟﻤﻌﻠﻮﻣѧﺎت ﺣѧﻮل ﻣﻌѧﺪل اﻟﺘѧﺴﺎﻗﻂ واﻟﺒﺨѧﺮ وﺟﺮﻳѧﺎن اﻟѧﻮادي وﻣѧﺴﺘﻮﻳﺎت 
ﺗѧﻢ إﺟѧﺮاء ﺗﺤﻠﻴѧﻞ ﻟﺒﻴﺎﻧѧﺎت اﺧﺘﺒѧﺎرات اﻟѧﻀﺦ ﻟﺘﺤﺪﻳѧﺪ اﻟﺨѧﺼﺎﺋﺺ . واﻟﻤﻌﻠﻮﻣѧﺎت اﻟﻬﻴﺪروﺟﻴﻮﻟﻮﺟﻴѧﺔ ﻟﻠﻤﻴѧﺎﻩ اﻟﺠﻮﻓﻴѧﺔ
 DOM LAUSIVﺗﻢ ﺗﻄﻮﻳﺮ ﻧﻤﻮذج رﻳﺎﺿﻲ ﻟﻠﻤﻴﺎﻩ اﻟﺠﻮﻓﻴﺔ ﺑﻮادي ﻧﻴﺎﻻ ﺑﺎﺳﺘﺨﺪام ﺑﺮﻧﺎﻣﺞ . اﻟﻬﻴﺪروﺟﻴﻮﻟﻮﺟﻴﺔ
  .رﻳﻮهﺎت اﻟﻤﺘﻌﺪدة ﻟﻺدارة اﻟﻤﺴﺘﻘﺒﻠﻴﺔآﻤﺎ ﺗﻢ ﺗﺤﺪﻳﺪ واﺧﺘﺒﺎر اﻟﺴﻴﻨﺎ. wolF
اﺧﺘѧﺘﻢ اﻟﺒﺤѧﺚ ﺑﻤﻠﺨѧﺺ وﺧﺎﺗﻤѧﺔ ﺛѧﻢ . ﻟﻘﺪ ﺗﻢ اﻟﺘﻮﺻﻞ إﻟﻰ أن وادي ﻧﻴﺎﻻ ﻳﺘﻤﺘﻊ ﺑﻘﺪر آﺒﻴﺮ ﻣﻦ ﻣﻮارد اﻟﻤﻴﺎﻩ اﻟﺠﻮﻓﻴﺔ 
دون إﺣѧﺪاث اﻧﺨﻔѧﺎض % 05اﻟﺘﻮﺻﻴﺎت اﻟﺘѧﻲ ﻣѧﻦ أهﻤﻬѧﺎ أن ﻣﻌѧﺪل اﻟѧﻀﺦ اﻟﺤѧﺎﻟﻲ ﻗѧﺪ ﻳﺰﻳѧﺪ ﻓѧﻲ اﻟﻤѧﺴﺘﻘﺒﻞ ﺑﻨѧﺴﺒﺔ 
رﺑﻤѧﺎ ﺗﻜѧﻮن ﺗﻠѧﻚ اﻟﺰﻳѧﺎدة . ﺔ ودون إﺣﺪاث ﺗﺄﺛﻴﺮات ﺳﻠﺒﻴﺔ ﻋﻠѧﻰ اﻟﺤѧﻮض اﻟﺠѧﻮﻓﻲ آﺒﻴﺮ ﻓﻲ ﻣﺴﺘﻮﻳﺎت اﻟﻤﻴﺎﻩ اﻟﺠﻮﻓﻴ 
  .ﻧﺎﺗﺠﺔ ﻋﻦ اﻵﺑﺎر اﻟﺤﺎﻟﻴﺔ أو اﻟﺠﺪﻳﺪة
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CHAPTER ONE 
INTRODUCTION 
 
1.1. Back ground in water  
    Water is very important; it is the most fundamental substance to the existence of 
life and also the most prevalent in the earth atmosphere system. Knowledge of the 
general laws governing the distribution and movement of water (water cycle) is of 
practical importance for the rational use and protection of water resources. 
   The relation between rainfall ,runoff, infiltration, evapotranspiration and 
groundwater  is very important but difficult to describe , on the land surface the 
timing and the amount of stream flow depends on the precipitation , wind ,air 
temperature , terrain features vegetation cover , soil types and other factors . In 
addition uneven heating of the earth's surface cause diurnal phenomena such as 
land and sea breeze and result in the redistribution of heat and moisture.  
    The main purpose of using simulation models has been assessing the effect of 
water resources management measures on the components of water balance 
equation (groundwater management in this research).  
     Many of the models have been developed to determine and predict the response 
of surface water and groundwater in arid and semi-arid regions. As such they are 
referred to as lumped models such models don’t account fore distributed aspect 
such as topography, soil type, patterns and change in vegetation type. Other 
models, which are based on physical relationships, are called physically based 
hydrologic models. 
 
1.2. Water resources in Sudan 
    Salah A. Osman (2007) discussed in his research, Water resources in Sudan 
comprise of rainfall, surface water and groundwater. Non conventional water in 
Sudan is limited to harvesting of rainfall water. Rainfall harvesting technique is 
commonly found in remote areas or undeveloped community to access water 
resources. Future development rely on rain water harvesting to irrigate the vast 
available agricultural lands, develop pastures (grazing land) and contribute solution 
to drinking water and other domestic demands. 
    Local rainfall is the main source of non–Nilotic stream, or seasonal Wadis. Rain 
water is traditionally obtained from Rahads "natural depression" in the clay plains 
of the Savannah belt, after the rainy season. Another type of water harvest is 
through Hafirs "artificial excavation" or small earth dams where water is collected 
and stored during to be utilized during the dry season. Nile water available to 
Sudan is 20.5 billion cubic meter at Sennar according to 1959 agreement with 
Egypt. The annual yield of non –Nilotic streams is estimated at 5.5 billion cubic 
meters. Thus total surface water available for use is 26 billion cubic meter. 
   Groundwater is water beneath the soil surface where voids in the soil are 
substantially filled with water. 
    The groundwater is potentially available in large areas of Sudan, and it is the 
main source of supply especially in areas away from the Nile, About 80% of the 
inhabitants depend on groundwater for their living most of the year. 
.  Major groundwater aquifers cover about 50% of the surface of the country. It 
occurs, either in shallow aquifer along the major seasonal stream or in deep 
aquifers of the major groundwater formation and basins such sources include: 
   Nubian sandstone basin, Alluvial deposits, Gazira basin, Basement Complex and 
Umm Ruwaba basin. 
 
1.3. Study Area  
    Groundwater Directorate (Jun 1993) discussed that; Wadi –Nyala starts in the 
south east foot Jebel Merra Massif. And ending at Afando. However the 
boundaries of study area started at Upstream of Wadi near Nyala Bridge to down 
stream near Beleil village between latitudes12.01.25 N-11.56.35N & longitudes 
24.51.28 E - 25.06.42 E figure (3.2). 
 
 1.4. Main Objective of the research 
    The main objective of this research is to study Wadi Nyala groundwater aquifer 
and determine its potential for future development. A mathematical model such as 
V.MODFLOW will be used to achieve the objective. The specific objectives 
include:-   
-Mapping of Wadi Nyala course and wells within the Wadi.  
-Available data for study 
-Determine aquifer characteristics in the Study area 
-Use groundwater balance equation to determine water balance in the area 
-Simulate the aquifer response using Visual MODFlow Model 
-Calibrate the model against groundwater levels 
-Create and simulate future forecast scenarios 
- Make recommendations for aquifer management 
 
1.5. Layout of the Thesis 
    The study contains five chapters. The first chapter gives brief introduction of the 
General background in water; water resources in Sudan, study area and the main 
objective of the research. The second chapter discussed the literature review, 
previous work done and the theoretical background. In chapter three discussions of 
the study area and details of the Thesis methodology including data collections, 
equations and model application, Chapter four gives an overview of the application 
of the methodology used in this study and provide for results and discussion. While 
chapter five is reserved for the summary, conclusion and recommendations, finally 
the references and appendices are listed.  
CHAPTER TWO 
LITERATURE REVIEW AND THEORETICAL BACKGROUND 
 
2.1. Importance of groundwater (Why ground water)? 
     Keyworth (2002) discussed the Groundwater is well suited to rural water supply 
in sub-Saharan Africa. Since groundwater responds slowly to changes in rainfall, 
the impacts of droughts are often buffered. In areas with a long dry season, 
groundwater is still available when sources such as rivers and streams have run 
dry. The resource is relatively cheap to develop, since large surface reservoirs are 
not required and water sources can usually be constructed close to areas of 
demand. These characteristics make groundwater well suited to the more demand-
responsive and participatory approaches that are being introduced into most rural 
water and sanitation programmes. 
   Groundwater has excellent natural microbiological quality and generally 
adequate chemical quality for most uses. Nine major chemical constituents (Na, 
Ca, Mg, K, HCO3, Cl, SO4, NO3 and Si) make up 99% of the solute content of 
natural groundwater. The proportion of these constituents reflects the geology and 
history of the groundwater. Minor and trace constituents make up the remaining 
1% of the total, and their presence (or absence) can occasionally give rise to health 
problems or make them unacceptable for human or animal use. 
  Groundwater in the shallow weathered zone can be exploited with boreholes, dug 
wells and collector wells; groundwater in the deeper fracture zones can only be 
exploited using boreholes. 
    Mohammad N. Almasri (2007)  defined groundwater as the water that occurs in 
the tiny spaces (called pores or voids) between the underground soils particles or in 
the cracks, much like sponge holds water the substantial quantities of groundwater 
are found in aquifers. These aquifers are the source of water for wells and springs. 
   Groundwater is one reservoir of the hydrologic cycle and it represents about 
22% of fresh water. 
    The Groundwater Occurrence in the earth or void space presented in figure (2.1) 
 
 
 
 
 
 
 
  Figure (2.1) Shows groundwater occurrence 
    The amount, availability, and movement of groundwater depend largely on 
 Porosity and Permeability. With the exception of caves, there are no large open 
spaces for pools or rivers of water underground.  The only space available for 
water is the pore space between grains of sand and other particles that make up the 
soil and bedrock and the space in fractures. 
 
2.1.1. Porosity 
   The Porosity is defined as the percent void space in a rock or sediment. It is a 
measure of the potential volume of water that can be stored in a rock, Depends on 
Degree of cementing, sorting of grains (not grain size) and degree of fracturing, 
  Figure (2.2) illustrated relationship between water, dry sand and saturated sand 
used to determine the porosity of soil.  
 
 
 
 
 
 
 
   Figure (2.2) illustrate the percent of porosity   
    Fig (2.3) shows the comparison of porosity in the cemented sandstone and non 
cemented sandstone, while figure (2.4) illustrates the percent of porosity in 
sandstone with regular and irregular shapes.     
 
  
 
 
 
 
 
 
Figure (2.3) porosity varies with % cement  
 
Porosity Varies with Sorting 
 
 
 
 
 
 
 
 
Figure (2.4) illustrates the percent of porosity   
 
 
 
 
 
 
      Porosity Varies with fractured and Un fractured shale illustrated in figure (2.5) 
below, While figure (2.6) shows the permeability in different shale. 
 
  
 
 
 
 
 
 
 
Figure (2.5) illustrate the percent of porosity  
  
2.1.2. Permeability 
    Definition  
  Permeability is the ability of a material to transmit a fluid; it is a measure of how 
fast the fluid can travel through the rock or sediment. 
 
 
 
  
 
 
 
 
 
Figure (2.6) permeability on pores Fractured and Un Fractured shale 
 
 
2.2. What are boreholes and wells?  
    Keyworth (2002) discussed that a borehole is a narrow-diameter tube drilled into 
the ground at a controlled angle (usually vertical) by mechanical means. Boreholes 
for rural water supply are generally drilled to a depth of between 20 and 100 m, 
although in some situations where the aquifers are very shallow or very deep they 
can lay outside this range the basic parts of a typical borehole drilled for 
groundwater abstraction is shown in Figure (2.7) below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (2.7) Component parts of a typical borehole 
 
 
 2.3. Groundwater in Sudan  
 
    The hydrogeological studies said that, Sudan has a very huge storage of 
groundwater .but a very small percent of this groundwater has been used only for 
domestic purpose except in some small agricultural schemes. At resent the vast 
expansion in the country’s irrigated area has unfortunately let to almost the total 
consumption of the country’s share of Nile water. Hence time has come to give 
more attention to groundwater development and to use aquifer resources for 
irrigation purpose industrial and domestic use. If we do so groundwater 
development may be the solution for present and future water problems. 
 
 
 
2.4. Groundwater quality and Drinking water standards  
     (WHO 1993) discussed that, the natural quality of groundwater is largely 
controlled by the geology of the aquifer and the length of time water is stored in 
the ground (the residence time), although it can be affected by climate and the 
nature of recharge water.  
    Groundwater contamination of rural aquifers is most often a result of poor 
sanitation, where faecal matter (from humans or cattle) enters the aquifer. This can 
happen around the wellhead if cattle are allowed to drink at the well (which is why 
it is important that boreholes are properly sealed and that effective sanitary 
surrounds are completed at all Boreholes). It can also happen when pit latrines are 
built in a shallow aquifer from which water is abstracted, such as ferricrete, so that 
faecal waste can flow from the latrines into the aquifer. 
     R.Rllan Freeze & John (1979) discussed that; some of the most important 
drinking water standards presented in table (2.1) shows the major constituents; as 
recommended by WHOM, concentration limits are listed in the table below. Total 
dissolved salts (TDS), Sulphate and chloride consumption by humans of water 
with concentrations some what above limits is generally not harmful. 
     Table (2.1) Concentration of inorganic constituent of drinking water standards  
Inorganic constituent Recommended concentrate in limits 
TDS 500 
CL- 250 
SO-4 250 
NO3- 45 
Fe 0.3 
Mn 0.05 
Cu 1.0 
Zn 5.0 
B 1.0 
H2s 0.05 
 *Comment: recommended concentration limits for these constituents are mainly to 
provide acceptable esthetic and taste characteristics. 
 
 
2.5. Impacts of groundwater pollution 
    Dr.Armin Margane and (et.al) (2003); discussed the Common problems related 
to groundwater quality in the Arab region are described by PLOETHNER 
(1997) .A major quality of concern is the naturally high salinity in the semi-arid to 
arid parts of the region due to the limited groundwater recharge .In addition to such 
natural constraints, groundwater quality has continuously deteriorated in many 
areas as a result of human activities. 
 Groundwater quality problems especially occur; 
  -In the coastal zones, where the coastal aquifers are overexploited resulting in 
saltwater intrusion. 
  -In areas where the hydraulic gradient is lowered in such a way that down or 
upward leakage from other aquifers results in the transport of highly saline or 
brackish water in to a freshwater resource. 
   -In urban areas, which are not sufficiently connected to sewage collection and 
treatment systems or where large quantities of wastewater are infiltrating in to 
groundwater due to leakage losses from the collection system? 
  -In highly cultivated areas, where fertilizers and pesticides are applied in 
abundance. 
 -In industrial and commercial zones with non-existing or ineffective collection and 
treatment of often hazardous sewage water. 
 -In the downstream area of waste disposal sites. 
 -In the downstream area of mines exploiting and processing mineral resources by 
processes possibly hazardous to groundwater 
 
 
2.6. Groundwater Drought 
    Henny A.J. (2005) discussed that Groundwater droughts are caused by lack of 
groundwater recharge that result into low groundwater levels and groundwater 
discharge. Simulated or observed time series of recharge, levels and discharge are 
used to identify droughts. In drought analysis studies, well-known methods as the 
threshold level approach and the Sequent Peak Algorithm are applied to search for 
droughts in the time series. Droughts are characterized by its severity (usually a 
deficit) and duration. Often the maximum deficit and the associated duration are 
used for frequency analysis. Moreover the intensity (severity divided by duration) 
is investigated. 
- Groundwater continues to serve as a reliable source of water for a variety of 
purposes, including industrial and domestic uses and irrigation. 
 
2.7. Groundwater Engineering  
   Wesley P. James (2002) discussed that Ground water is a major source of water 
supply. Especially in arid or semi-arid areas where surface water is limited, 
because groundwater is filtered by flow through the formation, it generally requires 
little treatment for use as a water supply. 
   Groundwater can be considered as subsurface storage of water with limited 
evaporation. However, if the water table is within the root zone of surface 
vegetations, groundwater can be lost by evapotransparation.The total dissolved 
solids in groundwater in typically greater than that of surface water. The dissolved 
constituents in groundwater partly depend on the formations through which it has 
passed. Water in a confined aquifer may have traveled many kilometers through 
the formation and have taken hundred or thousands of years to travel from the 
recharge zone .Water in unconfined aquifer is usually within a short distance and 
travel time of the recharge zone, the water quality of an unconfined aquifer is 
generally dependant on the quality of the recharge water is easily contaminated by 
man’s activities on the ground surface. 
 
 
 
 
 
 
2.8. Aquifer 
    Mohammad N. Almasri (2007) define that the aquifer is a geologic unit capable 
of storing and transmitting water in sufficient quantities to supply wells 
 
 2.8.1. Types of Aquifers 
 In general the aquifers divided for two types such as 
1. Confined Aquifer 
  The permeable layer is overlain and underlain by a less permeable layer 
(aquiclude). 
 Aquiclude: A geologic unit that resists water flow (relative to an aquifer). 
2. Unconfined Aquifer 
  The permeable layer extends to the surface. It consists of an unsaturated zone 
separated from the saturated zone by the groundwater table. 
   Figure (2.8) illustrated the confined aquifer with recharge area and the pressure 
surface. 
 
 
 
 
  
 
 
 
 
 
 
Figure (2.8) illustrate the confined aquifer 
 
 
   Unconfined Aquifer (water table aquifer) with water table well, piezometric 
surface and artesian well …etc show in figure (2.9). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (2.9) illustrate the unconfined aquifer  
 
2.8.2. Water Table 
  Water table can be defined as;  
 -The top of the saturated zone of groundwater or  the level to which water will rise 
in a hole or  the level to which water will rise in an   unconfined aquifer 
 -Groundwater moves downward due to the force of gravity 
 -Some water in unsaturated zone is on way to saturated zone  
 -rest is held by surface tension. 
 
 2.8.3. Saturated Zone 
  All pores are filled up with water, extends from the upper surface of saturation 
down to underlying impermeable rock. 
  Generally, the water table forms the upper surface and it is the level at which 
water stands in a well penetrating the aquifer, the figure (2.10)  
  
 
 
 
 
  
 
 
Figure (2.10) illustrated water table, saturated and unsaturated zones  
 
 2.8.4. Main aquifers in Sudan 
 Groundwater aquifers fall under the following three categories 
1. The Nubian Sandstone aquifers. 
2. The Quaternary-Tertiary aquifers, known as Um Rawaba and Gezira formations  
3. The Recent alluvial wadi-fill aquifers 
 
2.8.5. Types of Aquifers in Darfur  
 According to NUWC& (et.al) (2007), Darfur has four basic types of aquifer 
1- Deep sedimentary basin aquifers 
   - Nubian Sandstone (mainly in North & South Darfur). 
   - Umm Ruwaba Series (South Darfur) 
   - Paleozoic Sandstone (West Darfur only) 
2- Wadi alluvial aquifers (sand and gravel) 
   - Deep (>10 metres, up to about 40 metres) 
   - Shallow (<10 metres) 
3- Volcanic rocks (such as basalt and tuff, variably fractured), mainly around Jebel 
Marra.  
4- Basement Complex (hard crystalline metamorphic rocks such as granite and 
schist, variably fractured and weathered). 
    The properties of these aquifers are summarized below; 
- Sandstone aquifers (deep sedimentary aquifers) combine high levels of storage 
with high borehole yields. However the water is typically at greater depth than in 
the other aquifers. Deeper boreholes are therefore often used in sandstone aquifers. 
Geneina and Gereida are both on sandstone aquifer. 
- Wadi sand (alluvial) aquifers vary in saturated depth between the wet and dry 
season, but provide important storage of water if the Wadi area is large and the 
sand is sufficiently deep .Water may be stored in the Wadi sands upstream and 
may recharge Basement Complex aquifers if there is a route for the groundwater to 
flow (a hydraulic connection). 
- Volcanic rocks make reasonable aquifers and are situated in areas of high rainfall 
in Jebel Marra. 
- Basement Complex aquifers have low typical borehole yields, and low storage. 
The low storage is a function of the solid nature of the rocks compared with sands 
and sandstones. 
 Figure (2.11) presented the groundwater resources in Sudan, type of the aquifer 
such as Basilet, Basement, Alluvial aquifer...etc  
 
 
     
 
 
 
 
 
 
 
                                   Groundwater resources of Sudan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (2.11) Shows groundwater resources distributed in Sudan  
  
2.9. General Properties of Aquifers  
  Mohammad N. Almasri (2007) discussed that; 
   -Permeability 
   The permeability of a soil defines its ability to transmit a fluid .This is a property 
of the medium only and is independent of fluid properties. It has units of square 
length (L2) 
 
 - Hydraulic Conductivity (K) 
    Hydraulic conductivity measures the ability of the soil to transmit water 
 The hydraulic conductivity is a function of properties of both the porous medium 
and the fluid passing through it. The units are length per time (LT-1) 
  The Formula Hydraulic Conductivity and Permeability can be written as: 
  k
gK µ
ρ= …………………………….……………………………. (2.1) 
  Where:  
   µ is the dynamic viscosity (M/L–T) 
 ρ is the density of the fluid (M/L3) 
   k is permeability (L2) 
   K is hydraulic conductivity (L/T) 
 
 -Transmissivity (T) 
   Transmissivity is the rate at which water is transmitted through a unit width of 
aquifer under a unit hydraulic gradient. Or Amount of water that can be transmitted 
horizontally through a unit width by the full saturated thickness of the aquifer 
under a hydraulic gradient of 1. 
    Transmissivity (T) = (Hydraulic conductivity) × (aquifer thickness) 
 Confined aquifers T = K × b; where b is saturated thickness below the confining 
bed. 
 Unconfined aquifer T = K × h; where h is water table elevation 
-Storage Coefficient in Aquifers (S) 
   Storativity (S) or Storage coefficient for confined flow and Specific yield for 
unconfined flow. The volume of water that a permeable unit will absorb or expel 
from storage per unit surface area per unit change in head; or Storage coefficient: 
indicates the amount of water released (pumped) from or stored (injected) in the 
aquifer due to the unit decline/increase in the potentiometer head. 
   Mathematically; 
Vreleased = S × A × ∆h ………………………..……….……….………..……. (2.2) 
Where; 
S: Storage coefficient (Storativity)  
A: Aquifer surface area (L2) 
∆h: drop in potentiometric head (L) 
 
 -Specific yield (Sy) 
   The storativity (storage coefficient) under unconfined conditions is referred to as 
the specific yield, is the water released from the medium by gravity drainage.  The 
specific yield is expressed as the ratio of the volume of water yielded by gravity 
drainage to the total volume of the soil. 
 
 -Specific retention (Sr)  
   It’s the ratio of the volume of water the aquifer retains against the force of 
gravity to the total aquifer volume.  
Mathematically;  
 Porosity = specific yield + specific retention (n = Sy + Sr) ……..………….. (2.3) 
 
 2.10. Groundwater management  
    FAO February (2003), The variable patterns of groundwater use and the varied 
services that aquifer systems provide do not form a clear aggregate picture or status 
of groundwater, nor do they present an opportunity for systematic management 
response. Despite the highly technical work that is carried out and presented in the 
hydrogeological literature, the status of knowledge of the aquifer systems is often 
limited at the level at which a management response is required. Highly detailed 
studies in contaminant transport are carried out in high-value settings (usually 
because regulatory systems are enforced). 
   Acute problems for groundwater management are overexploitation, lowering of 
ground table, water deficits and water pollution. The evaluation and development 
of sustainable water resources systems remain important topics in groundwater 
management. 
     Improved land use management, needed to increase recharge by reducing runoff 
and evaporation, is currently being studied especially in arid climates. 
   Further problems result from land subsidence caused by overexploitation of 
groundwater resources. In coastal areas, problems of salt water intrusion are 
important. Further more groundwater can be used to store and retrieve heat for 
cooling. However any groundwater management activity has to be based on an 
adequate description and through prospecting. Improved methods have to be 
developed.  
 
2.11. Nubian Sandstone Aquifer System (NSAS) of Northeast Africa in Chad, 
Egypt, Libya and Sudan  
   Accordance to GEF (2004), The Nubian Sandstone Aquifer System (NSAS) is 
one of the largest aquifers in the world covering approximately two million square 
kilometers of Northeast Africa in Chad, Egypt, Libya, and Sudan. The (NSAS) is 
the world’s largest fossil aquifer system with its reserves estimated at 375,000 km3. 
In the arid desert areas of those countries that share the aquifer, groundwater is a 
primary source of water for human populations and the indigenous ecosystems. 
With growing population pressures, and decreasing water available from other 
sources, there is increasing pressure to enhance the abstraction of this 
tremendously valuable resource that, under current climatic conditions and based 
on current knowledge, appears to be only marginally rechargeable. This increased 
pressure to use these shared groundwater resources, despite unclear knowledge of 
the Transboundary impacts, represents a potential threat to a precious resource that 
if unchecked, could lead to deterioration of water quality and/or irrational water 
use with the potential to harm biodiversity, enhance land degradation processes or 
even lead to Transboundary conflict. 
    This is a region that is wrought with water shortage amidst growing human 
populations. Destruction of ecosystems is leading to increased desertification and 
loss of habitat. One challenge in developing an adequate management strategy is 
the continued lack of sufficient knowledge about the aquifer needed to develop a 
rational use of the aquifer resources that can benefit the four countries. Further 
issues include poor management of water currently being exploited from the 
(NSAS) including loss of springs due to poor allocation of wells, change in the 
natural environment including species and habitats, poor understanding of local 
legislation and water rights, inadequate understanding of interactions between 
horizons, and impacts of development on the local and regional sustainability of 
groundwater. In general, there is a lack of a proper database and capacity to 
synthesize available information as a basis for determining and undertaking future 
investigations and developing strategies see figure below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Figure (2.12) Nubian Sandston Aquifer Location 
 
 
 
 
2.12. Types of Groundwater Models  
   Mohammad N. (2007) discussed the several types of groundwater models such 
as: 
1-Mathematical Model of Groundwater (analytical and numerical models); 
- Control volume - Water budget & Principle of Conservation of Mass 
2-Groundwater Lumped Parameter Model; 
 -Lumped parameter models do not explicitly take into account the spatial 
variability of inputs, outputs, or parameters 
- They are usually structured to utilize average values of the aquifer characteristics 
affecting water table elevation. Generally, lumped parameter models are 
represented symbolically by tanks 
3-sand tank models 
4-Analog models, viscous fluid model and electrical models 
 
 
2.13. Water resource management in Darfur 
    According to NUWC& (et.al) (2007) the camps administrators concentrate on 
managing the water supply points – boreholes and dug wells – and the other 
elements of the distribution system – pumps, chlorination units, storage tanks and 
tap stands. There is little consideration of the water resource system as a whole. 
The study found: 
* Little or no monitoring of groundwater 
* Little or no analysis of water use 
* Inadequate data management, both in the field management and in terms of 
coordination: 
UNICEF’s data base is not well integrated with practical management of water 
programmers 
* Little awareness of the risks of a season of low rainfall, and therefore: 
*Little or no contingency planning for the event of a dry year. 
With respect to practice at camp level: 
* Data relating to boreholes were often incomplete, or files unavailable. Staff of 
operating agencies lack access to relevant reports, and are often unaware of reports 
or maps which could assist their work. Geophysical survey reports (to locate 
optimum borehole sites) were often not available. 
* Reports on geophysical surveys (to locate optimum borehole sites) were often 
absent 
* Exact locations of boreholes drilled were not recorded, especially for dry or 
abandoned Boreholes 
Pumped borehole known by the operating agency as ‘Abu Shouk Hand Pump, 
could not be correlated with any particular drilling record. 
* In almost no cases have the absolute or even relative elevations of well heads 
been surveyed (GPS-derived elevations are not sufficiently accurate). Therefore it 
is impossible to infer any groundwater flow directions from water level 
measurements. This is important where, for instance, recharge to a Basement 
aquifer is expected to come from a nearby wadi. 
   Thus there is a very significant issue around information management which 
requires an appropriate response. Information technology has the capacity to 
improve this situation if it is properly deployed. Integration with day to day 
management is essential. 
    In general a greater level of hydrogeological analysis is needed, involving more 
data collection, better data management and more capacity for hydrogeological 
interpretation. 
 
2.14. Wadi Nyala and Nyala City Water Supply  
    Tear fund (2007) the city of Nyala has experienced enormous growth in the past 
20-30 years, The city water corporation currently supplies an average of about 
15,000m3/day, there are plans to increase this to 25,000 m3/day by the end of 2007, 
by commissioning a number of new boreholes - some have already been drilled 
and others are in progress. The new boreholes are located at Kundua, some 2 km 
downstream of the main wells. Further into the future, a scheme has been designed 
and approved to bring an additional 40,000 m3/day from Gereida, about 85 km 
south of Nyala in the Baggara Basin (Nubian Sandstone) aquifer, At present, there 
are some 10,000 household connections in Nyala, and 106 km of pipeline (4″ to 
14″ diameter). Storage capacity of 3,250 m3 is available. The city water supply 
comes from about 22 boreholes in Wadi Nyala, each producing 20-25 m3/hour. 
Most are operated for 24 hours per day. The boreholes range in depth from 15 to 
30 meters and are mostly 203 mm (8″) in diameter. 
 
 2.14.1. The main problems with the city supply  
·The rapid rate of growth of the city. Currently only 35% of the people have a 
piped supply – by end of 2007 this may be 50-55%. 
·The limited pipe network, which will not cover the whole City - the length of the 
pipe network needs to be doubled. 
·There is also a shortage of storage capacity, which currently amounts to only 22% 
of daily output. Discussions are in progress about the possibility of constructing a 
subsurface dam downstream of Kundua to reduce groundwater outflow 
downstream. The surface water is more readily available for local people and does 
not require much effort or high technology to get it. There are some practices of 
conventional techniques of water harvesting such as terracing of steep slopes by 
stones, hafirs (Traditional rainwater storage reservoirs).  …etc 
 
 
 
 
 
 
 
 
2.15. Groundwater Recharge, Discharge and balance 
    Tata McGraw (1997) discussed that in many cases, the surface water basin and 
ground-water basin are coincident, but a thorough study of the topography 
geology, and aquifer conditions should be taken up and the actual situation 
obtaining should be established. 
   Limited of groundwater basin is controlled by; Topography, the disposition, 
structural, permeability of rocks (if igneous or metamorphic rocks...etc), and 
Configuration of the water table...etc 
  To draw up the water balance of the basin considered input, and change in ground 
and surface water storage. 
* To be comprehensive, the studies -water balance- should include; 
    Determinations of various parameters concerned with the quantifications of 
water resource such as: 
   Precipitation, stream runoff, infiltration, evaporation, evapotranspiration,  
Groundwater recharges; discharge and movement, the annual rainfall pattern, 
Monthly distribution of rainfall (to select the season for closer observation of the 
required parameters).Maps showing the isohyets, hydrogeology, soils, crop (for 
different seasons).Water table contours (to estimate surface –water storage 
changes).Water table rise or decline, drainage density, land slope, adequate number 
of stations for recording the rainfall, runoff and water levels and pumping tests are 
to be conducted with the aid of observation wells. 
 
    Generally ground water balance Equation can be written as;  
          In flow – Out flow   = Rate of change of storage ……………………... (2.4) 
  -Shows in figure (2.13) below 
    Where; 
   - In flow = Recharge + subsurface in flow. 
   - Out flow = Pumping + Subsurface out flow + Evapotranspiration 
In flow
EvapotranspirationPumping
Subsurface out flow- Subsurface inflow
-Recharge
S
L
   - Rate of change of storage     = dt
dS
 = ∆S……………..………………….(2.5) 
 
 
 
 
 
  
 
 
Figure (2.13) cross-section illustrated groundwater balance 
 
2.15.1. Basic equations of groundwater flow 
  Wesley P. James (2002) discussed the basic equation of groundwater hydraulics 
is called Darcy’s law. The law expresses a linear relationship between the 
groundwater velocity and the head (energy) gradient, for many applications, this 
law may be written as follows: 
     
~~
IKq = ……………………………………..……………………... (2.6) 
 Where: 
~
q  the Darcy velocity vector  
 K: hydraulic conductivity, and 
~
I  is the hydraulic gradient. 
       hI ∆−=
~
 ……………………………………………………………. (2.7) 
 Where (h) is the hydraulic head. 
  
2.15.2. Darcy’s   Law 
  Consider the control volume for the one - dimensional stream tube in a saturated 
porous medium shown in Fig (2.14) below, the impulse -momentum equation 
written for the control volume is; 
H G L
dL D
w
dx
dZ
Z1
Z2
x
Z
P1A
P2A
         ∑Fs = ρQ (V2 – V1) ………………………………………………..... (2.8) 
  Because the groundwater velocity is small, the change in momentum is 
essentially zero. The primary forces is acting along the stream tube  are the 
pressure forces acting on the end of the stream tube , the component of the weight 
of the water in the stream tube parallel to the direction of  motion , and the shear 
force of resistance with the porous medium . Because the flow is saturated, the 
surface tension forces are not considered. 
 
 
 
 
 
 
 
 
  Figure (2.14) control volume for the one - dimensional stream tube in a saturated 
porous medium 
Equation (3.4) above can be written as;  
   ( ) ( ) 0=−−+− τπγ DdLdL
dzAdLAdPPPA  …………….…….………... (2.9) 
    P1  = P2  = P 
Because groundwater flow is laminar, the shear stress can be estimated as       
D
VC µτ ~= …………………………………………………..………. (2.10) 
Based on the assumption that the diameter of the stream tube (D) is proportional to 
the particle diameter (d) of the porous medium, the impulse - momentum equation 
for flow in a porous medium reduced to: 
2dC
VdLdhdzdP γ
µ
γ ==+  
 Or  
      Ld
hdKV −= …………………………………….………  (2.11) 
Where the hydraulic conductivity (K) is; 
2dCK µ
γ= ………………………………..………….……..…. (2.12) 
  Or          
 kK µ
γ= …………………………………….…..……..……… (2.13) 
   The intrinsic permeability (k) of a formation is equal to Cd2, where C is 
dimensionless coefficient that depends on properties of the medium such as 
porosity, particle shape and particle size distribution, and (d) is a representative 
particle diameter of the formation. 
 When groundwater flow a uniform hydraulic gradient through a confined aquifer 
of constant thickness is to be considered, Darcy’s law may be expressed 
conveniently as; 
 TILLdl
dhbkQ == .  …………………………..……….……………… (3.14) 
 
 Where: 
             Q = groundwater flow in m3/day 
             T = transmissivity (kb) in m2/day  
             L = length of the aquifer along the equipotential line, in meters through 
which the discharge occurs 
              I = hydraulic gradient. 
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2.16. Artificial Recharge  
   Tata McGraw (1997) defined the artificial as the process by which infiltration of 
surface water in to groundwater systems is increased by altering natural conditions 
of replenishment 
 
2.16.1. Targets of artificial recharge 
1-To restore supplies from aquifers depleted due to excessive draft, or improves 
supplies from aquifers lacking adequate recharge (as in desert areas). 
2-To store underground excess surface-water supplies for subsequent use or to 
alleviate flooding to improve physical and chemical quality of groundwater or 
prevent its deterioration or to create fresh water layers 
3-To remove sediment, bacteriological and other impurities from sewage and other 
waste-water effluents by taking advantage of the filtration characteristics of the 
vadose zone 
4-To prevent saline water intrusion in coastal aquifer. 
5-For heat exchange in aquifers and obtaining cool waters with relatively constant 
temperature for air conditioning, etc. 
6-To arrest or reduce land subsidence by increasing hydrostatic pressure conditions 
in artesian aquifers. 
 
2.17. Steady radial flow in unconfined Aquifer with uniform Recharge  
    Dupit (1863) discussed the well hydraulic 
 
 
 
 
 
 
Figure (2.15) illustrated the well Hydraulic 
   Darcy’s law and Dupit assumptions;  
  
22 rw
dr
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 After integration yield: 
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  At Steady state written as;  
   wrQ e
2π=  …………………………………………………..…………. (2.17) 
 
2.18. Pumping test analysis 
   Use the pumping test analysis method to calculate the transmissivity (T) and 
Storage coefficient (S) by using: 
 1-THEIS Equation  
  2- Jacob solution method and; 
  3-Recovery method  
 
2.18.1. Unsteady flow equations 
 The non- steady groundwater flow equation in two dimensions is; 
 t
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Or, in polar coordinates and in terms of drawdown       
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The above equations apply to both confined and unconfined aquifers under the 
conditions that:  
-S = Storage coefficient for confined flow and Specific yield for unconfined flow. 
-For unconfined flow, the equation is a linearized form of the Boussines equation. 
Whish holds when drawdown(s) << h (Piezometric head)   
-Constant aquifer thickness. 
-Vertical flow components are negligible (a reasonable assumption except in the 
immediate vicinity of the well). 
-Isotropic, homogeneous aquifer. 
The solution of the above equation was developed by THEIS (1935) the resulting 
equation is; 
∫
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Where s(r, t) is the drawdown, Q is the constant well discharge and, 
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The solution of the equation is:  
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Where W (u) can be given as infinite series: 
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If u<0.01, the first two terms are sufficient to evaluate the equation: 
Hence; s(r, t) = ]5772.)1[ln(
4
o
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2.18.1.1. THEIS Equation conditions 
   The well is assumed to fully penetrate the aquifer, to discharge at a constant rate, 
and to have a negligible amount of water stored in the borehole. Under these 
conditions the Theis equation can be used to compute the drawdown at any radial 
distance from the pumped well at any time, such that equations (2.21) and (2.22) 
above are objectives to find:  
Transmissivity (T) and Storage coefficient (S) for an aquifer in to which a well has 
been sunk together with one or more observation wells (Piezometer holes). 
 The data needs in the method are drawdown(s) and duration time (t). 
 
2.18.1.2. The THEIS solution technique 
  Principle of the method; 
- Re write the THEIS equation in terms of logs: 
From equation (3.18)  
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From two equations (2.24) and (2.25) the terms
T
Q
π4 , S
T4  are constant. 
  Detailed procedure; 
 1-Prepare the curve of the Theis well function W (u) Vs (u) or (1/u) on log-log 
paper. The curve is known as a ‘Normal’ type curve, plotted with curve of (s) Vs 
(r2/t) or (t/r2). 
 2-The plot must use the same log scales as the type curve 
 3-Superimpose plot the observed data over the type curve, keep the axes parallel 
and locate the position of the best match.  
 4-Select an arbitrary match point, which need not be on the curve, Read of 
corresponding values of W (u), u, s and r2/t from ‘Normal’ type curve. 
 5-Calculate T and S using equations given 
 
 2.18.1.3. The Jacob solution Technique  
The technique uses the approximation to the Theis well function, W (u): 
]5772.0)1[ln(
4
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QS π …………………………………………........ (2.28) 
And,     
 Tt
Sru
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2
=  ………………………………………..…………………. … (2.29)  
  This holds for u < 0.01, which implies large values of t, for which the type curve 
is relatively flat and the observed data may be approximated by a straight line.  
The equation can be re-written as: 
 )
4ln5615.0(ln
4 2Sr
Tt
T
Qs += π ……….………………………………. … (2.30) 
            Where:  ln 0.5615 = -0.5772  
After changing to log 10, yield: 
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This is the equation of a straight line if (s) is plotted against log t. 
The solution procedure is follows:- 
1. prepare a semi-log plot of the observed data(s Vs log t) 
2. draw a best straight line through the data and extend the line to intercept the 
(t) axis at s=0, t =to(from the graph) 
3. if s=0, the equation above becomes: 
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4. The slop of the plotted line =s per log cycle (i.e. if chosen two (t, to) times 
during pumping that log (t) – log (to) = 1). 
5. From the equation (3.28) above the straight line the slope
T
Qs π4
30.2=∆ , i.e.  
s
QT ∆= π4
30.2
…………………………………...………………………… (2.34) 
 
 
 
 
 
 
 
CHAPTER THREE 
STUDY AREA & RESEARCH METHODOLOGY 
 
3.0. Introduction 
3.1. Geographical information  
   According to UN April (2004) the study area is located at South Darfur State. 
South Darfur State covers a total area of about 137,807 square kilometers (UN 
2004). It borders North Darfur State to the north, West Darfur State to the west, the 
Republic of Central Africa to the southwest, Bahr el Ghazal region to the south and 
West Kordofan State to the east. 
    The state is located approximately 1,200 Km from Khartoum figure (3.1); the 
capital city of Sudan. Traveling between different locations in the state is highly 
risky due to banditry attacks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (3.1) South Darfur state location 
 
 
3.2.0. Study Area (Wadi Nyala) 
3.2.1. Wadi flow 
   Groundwater Directorate (Jun 1993), said that Wadi -Nyala starts in the south 
east foot of Jebel Merra Massif. It crosses Nyala town approximately at kilo 45 
flowing through Kundua area in to Beleil depression and continues with additional 
small Wadies and gullies to end at Afando (Figure 3.2).  
        HWNTIN 6 (1974); Nyala is the situated just downstream of the confluence of 
the two major tributaries of Wadi Nyala –the Wadis Domaia and Kalkandi, Nyala 
is also at the place where  Wadi Nyala leaves the dissected rocky pediment of the 
Basement Complex  and emerges on to a flood  plain, petering  out after kilo 
meters east of the town.  
   Two main rock types are apparent the quartzite’s of Jebel Nyala and the granites 
by the Wadi in the eastern part of the town. 
 
3.2.2. Hydrogeology 
   The hydrogeology of the Wadi is essentially that of a shallow aquifer composed 
of Wadi-fill deposits lying in an impermeable through of weathered Basement 
Complex metamorphic rocks, towards the east, the Wadi fill sediments show signs 
of being finer –grained and more heterogeneous. 
 
 
 
 
 
 
 
Figure (3.2) Wadi Nyala course  and Nyala City (the Case study location)  
 
 
3.2.3. Soil cover 
   The main rock type of the catchment and Wadi courses is composed of quartzite / 
gneiss formation which belong to the Basement complex that are usually found at 
shallow depth. In some places intrusions, mostly granitic dykes are found, which 
from out standing ridges trending in general between northern and north eastern 
direction. 
 
3.2.4. Climate  
   The climate of Darfur ranges from arid in the far north, to semi-arid in the South. 
It is characterised by high temperatures, high evaporation (typically 4–12 mm/day) 
and regular seasonal, but highly variable, the catchment area is situated in the zone 
between the arid desert climate of Northern Sudan and humid tropical climate of 
Southern Sudan. Rainfall amounts increase from North-East to South - West with 
local higher quantities around the Jebel Marra massif. 
 
3.2.5. Rainfall  
   Rainfall has been monitored at El Fasher since 1917 and at Nyala and El Geneina 
since 1946.  
    At Nyala, rainfall data has been collected for a considerable length of time. The 
data extends back almost uninterruptedly until 1921. Several other rainfall stations 
exist in the area of southern Darfur but with shorter recording periods. In the 
catchment area of Wadi Nyala, which is relatively small, none of the stations 
existed before the establishment of WAPS-2 project on May 1983. 
   The rainfall in the catchments of Wadi Nyala represented a good potential for 
augmenting Nyala water supply provided, that a good management plan is worked 
out. 
 
 
 
3.2.6. Rainfall- Runoff relationship 
   The limited hydrological data makes it difficult to arrive for a pronounced daily 
correlation between rainfall and runoff, and the additional restricting factors 
include the following 
 1-The catchments area (shape, orientation as well as it is geological and 
topographical characteristics) does not allow comparative respond to similar rain 
events in various subsection of catchments  
2-The rainfall distribution is not uniform over the catchment 
3-The groundwater levels affect the infiltration rate in the bed of the Wadi and 
hence influence the rate of runoff 
4- The vegetation growth during the rainfall season affects relationship 
5- Change in the Wadi section during floods 
6- The irregular of rainfall frequency, duration and determine a uniform runoff 
coefficient. 
 
3.2.7. Wadi flows  
   The upper part of the catchments seems to have little contribution to the Wadi 
flow if judged from the poor correlation given between the rainfalls at the upper 
catchments (Gardul and Seingo) and Wadi flows. This would be a direct result to 
the high infiltration rates occurring within the reach. 
The middle and the downstream parts are the main sources of runoff. 
   Downstream Nyala the wadi flushes in to the extended clay depression at Beleil.  
The magnitude of tail flow decreases in this last stretch, the small contribution 
from the nature of the low and with high peak, short duration, short time lag and 
short recession period. From small rain events, in August & September this Patten 
changes to low flows with longer recession period. 
 
  
 
 3.2.8. Vegetation 
    The vegetation is mainly composed of thorn bushes and low trees, but large 
areas are only sparsely covered. The degradation of the vegetation covers by the 
continuous cutting of trees and over grazing is astringing phenomenon. In large 
areas only tree stump remain, the wood being used for firewood by local 
inhabitation or brought to Nyala to be sold. 
 
3.3. Water resources in the study area 
3.3.1. Surface water 
   The surface water is more readily available for local people and does not require 
much effort or high technology to get it. There are some practices of conventional 
techniques of water harvesting such as terracing of steep slopes by stones, 
hafirs …etc.The following figure as example. 
 
 
 
 
 
 
 
 
Fig (3.3) Hafir for storage (water Harvesting technique) 
 
 
 
 
 
 
3.4. Groundwater in study area  
    According to Salama (1970) and WAPS-2 (1985) the sand aquifer of Wadi 
Nyala has been examined by a number of investigators, the technical Committee of 
the water Resource Management Project which is still monitoring the aquifer. 
    The limited groundwater storage facility in the alluvial of Wadi Nyala is heavily 
used within the town area. However, if managed well, this precious facility could 
be utilized together with ground and surface storage facilities in the upper 
tributaries of the Wadi to meet Naya’s water requirement for many years to come.  
 
3.5. Groundwater quality 
  According to the report of the Nyala Urban Water Corporation & (DFID, 
USAID), (2007) a number of chemical analyses of water samples were supplied by 
WES (Water and Environmental Sanitation) and Care International. The analyses 
indicate that there are no major problems of chemical water quality. Across the 
area (i.e. Kalma IDP Camp), except in some sectors, where several wells were 
found to contain unacceptable levels of nitrate, as well as some other parameters. It 
is not clear why boreholes in this sector are affected while boreholes in other 
sectors are not. See appendix (A) 
  
3.6. Additional water sources  
   WAPS-2 (1985), Recommended the following additional locations as possible 
alternative sources for the city water supply: 
1-Upstream and downstream locations in Wadi Nyala  
2-Buldanga area east of Jebel Nyala 
3-Delal El Angara and Timbusku areas along Wadi Bulbul (30 -40 km) west of 
Nyala 
4-The Bagara basin in the Umm Ruaba series (70 – 100 km from Nyala) WAPS-2 
Study has excluded any possibility for surface storage in the area except Buldanga 
area.  
 
3.7.0. Research Methodology  
 3.7.1. Data collection 
The data needed in this research include: 
-Map of Wadi Nyala, Geographical information data by (GIS) & Google earth to 
specify the land surface elevation above sea level to target draw the contour map of 
Wadi flow. 
-Pumping rate from Wells within the Wadi, Drawdown, Recovery and water levels 
-Rainfall, Discharge, Runoff, Aquifer properties...etc. 
-Soil type, Climate, Vegetation, Evapotranspiration  
 
3.7.2. Materials 
-The material used in this search is the personal Computer (laptop) 
-Computer program software such as Surfer program and Visual MODFLOW 
Model to Create and simulate future forecast scenarios. 
 
3.7.3. Subjects interviewed (the places visited)   
- Nyala City, Water Corporation and Wadi Nyala course. 
-the gauge station atmospherically at Nyala air port to investigate the rainfall data 
    Table (3.1) below illustrates the runoff data of Wadi Nyala at the bridge, these 
data collected from Nyala water corporation report; from groundwater directorate 
in Khartoum.   
Table (3.1) runoff data of Wadi Nyala at the bridge (1983-1985&1991) 
years Rainfall at 
Nyala (mm) 
Total 
runoff 
(106 m3 ) 
Days with 
runoff 
Date of 
first flood 
Date of last 
flood 
Max  
TDS 
1983 336.5 63 47 16 May 17 Sep 500 
1984 197.3 14.2 43 29 June 28 Sep 600 
1985 347.4 112.4 103 25 May 5 Oct 1500 
1991 385.2 104.0 - 16 May 15 Sep - 
 
 
3.7.4. Aquifer properties data 
   Minstry of Energy & (et.al) (1971) determined the aquifer properties in Wadi 
Nyala. The results show in table (3.2) these data available in groundwater 
directorate in Khartoum.   
                   Table (3.2) Some Aquifer properties in Wadi Nyala 
Specific yield (Sy) 20 percent 
Specific retention  (Sr) 12  -  18 percent 
Porosity (n) 25 – 38 percent 
hydraulic gradient (I)                0.005 
 
  In table (3.3 ) (DFID, USAID) and (et.al), (2007), discussed the distribution of 
major ground water basins, and the area occupied as well as storage, annual 
recharge, annual abstraction, average depth, water level and (TDS).    
Table (3.3) Distribution of the major groundwater basins in Darfur (Wadi Nyala) 
Basins Area x 
1000k
m2 
Storag
-e 
Km3 
Annual 
recharge 
Mcm 
Annual 
abstract-
ion Mcm 
Average 
depth m 
Average 
water level 
TDS 
ppm 
Wadi Nyala - 0.03 20 15 20    -  50 5    -      10 200-600 
Umm 
Ruwaba 
basins 
Baggara  
120 1700 30 28 100  -  400 30  -      110 500-800 
Basement 
Complex 
(All 
regionsof 
Sudan) 
- 2.5 1800 120 30  -    75 15  -    55 500-3000 
 
 
 
 
 
 
 
 
3.7.5. Pumping rate from Wells within the Wadi in (2007). 
    Table (3.4) presented the pumping rate of Wadi Nyala of (2007) from different 
wells the data collected from water harvesting center of Nyala University. 
Table (3.4) pumping rate at Wadi Nyala wells (2007) 
Station No. Wells Pumping rate 
 
Duration Days 
m3/h/well m3/d/well 
1,2 1/7-31/12 184 70 1470 
1,2 1/1-30/6 181 30 630 
Main  5 
3,4&5 Through 
year 
365 30 
630 
Karari 
 
3 
1,2&3 1/7-31/12 184 40 840 
  1,2&3 1/1-30/6 181 25 525 
Musia 4 1,2,3&4 1/7-31/12 184 40 840 
  1,2,3&4 1/1-30/6 181 30 630 
Faneya 3 1,2&3 
through 
year 365 35 735 
Kundwa 
 
8 
1,2,3&4 1/7-31/12 184 35 735 
  5,6,7&8      
Elneem 
forest 1 1 1/7-31/12 184 35 735 
      1/1-30/6 181 25 525 
    Note: All wells operating 21 hours per day 
   Rainfall: data see Appendix (B) 
 
3.7.6. Geographical information data 
  The Geographical Data presented in Appendix (C), the data collected by the 
Google earth from study area, the table include the static water level taken from the 
wells in the Wadi.  
     Figure (3.4) shows the aquifer shape through the study area. While Figure (3. 5) 
presented the longitudinal profile of the Wadi aquifer from the upstream or near 
Nyala Bridge to the down stream near Beleil, the ground level measured from 
Google earth at the upstream (669 m) this levels decreasing to (594 m) at Beleil. 
Base.L.ELEV
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(660.5)
Ground surface
water table
(591)
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Longitudinal Profile
A
A
Unconfined Aquifer
Base.L.(550 m)
Water table.L
Ground .Surface.Eleva.
water table
h
Unconfined Aquifer
  the water table levels 660.5 m to 591 m from upstream to the down stream, figure 
(3.6) cross-section at (A-A) at upstream. The annual average Wadi flow 
approximately 75 Mcm (after Nyala Water Corporation). 
    
 
 
 
 
 
 
 
 
 
 
Fig (3.4) 3D surface map illustrated aquifer profile 
   
 
 
 
 
 
 
 Fig (3.5) longitudinal profile of the Aquifer  
 
 
 
 
 
 
    Fig (3. 6) Cross-Section of the Aquifer at (A-A) in figure (3.5) 
 
 
3.8. 0. The programs used in this research  
-  Visual MODFLOW Model  
 Visual MODFLOW for Windows V.2.7.2 .By: Nilson Guiguer & Thomas Franz 
(c) 1995 – 1997 waterloo Hydrogeologic, Inc 
 
3.8.1. Overview Description  
    Visual MODFLOW Pro seamlessly combines the standard Visual MODFLOW 
package with WinPEST and the Visual MODFLOW 3D-Explorer to give you the 
most complete and powerful graphical modeling environment available.  
 3.8.2. Simulation Capabilities 
• Full support for MT3DMS, RT3D, MT3D99 and WinPEST  
• Seamless integration with the Win32 MODFLOW Suite  
• Interactive display of model solution convergence for on-the-fly 
modification of solver settings and graphical display of transient simulation 
results  
• Includes the WHS Solver (fastest and more stable than PCG2)  
• Batch processing of multiple simulations for sensitivity analyses  
 3.8.3. Model Display 
• Color-shaded contouring of model properties and simulation results  
• Customizable display of contoured results, path lines and overlay priorities  
• Detailed graphical summaries of global and local mass budgets  
• Print full-color, high-resolution plots to any printer or plotter  
• Export screen display to graphics formats such as Enhanced Windows 
Metafile (.emf), AutoCAD (.dxf),  and ESRI Shape (.shp) files  
• Export model results to 2-D or 3-D ASCII text files supported by virtually 
ANY 3-D visualization software  
• Advanced 3-D visualization and animation of model input data and 
simulation results using the Visual MODFLOW 3D-Explorer  
  3.8.4. Some Proven Benefits of Visual MODFLOW  
  At Waterloo Hydrogeologic, Inc. our goal is to develop powerful, yet easy-to-use 
software that meets the needs of groundwater and environmental professionals 
around world.  Visual MODFLOW is an excellent example of how we have 
accomplished this goal by making groundwater modeling accessible for any 
hydrogeologist or engineer who is familiar with the basic concepts and limitations 
of groundwater modeling.  With Visual MODFLOW you don't need to know all of 
the awkward codes and cryptic data formats required by MODFLOW, nor do you 
need to be concerned about maintaining consistent units, keeping track of the 
model 'stress periods', Visual MODFLOW does what every good interface should 
do; it takes care of these issues in an easy-to-understand and transparent manner.  
3.8.5. Professional Applications of Visual MODFLOW 
• Evaluate Groundwater Remediation Systems  
• Delineate Well Capture Zones  
• Simulate Natural Attenuation of Contaminated Groundwater  
• Estimate the Reductive Dechlorination of TCE, PCE and DCE in 
Groundwater  
• Design and Optimize Pumping Well Locations for Dewatering Projects  
• Determine Contaminant Fate and Exposure Pathways for Risk Assessment  
 
 
 
 
 
 
3.9.0. Groundwater Model with VMODFLOW for Windows V.2.7.2 
-To create a new model; 1.Choose New; from the File menu fig (3.7).  
 
 
 
 
 
 
 
Fig (3.7) first menu of VMOD FLOW MODEL 
2. Click on create model using base Map and Click on Browse to import the Map 
from the file name (Feg 3.8) 
 
 
 
 
 
 
 
Fig (3.8) VMOD FLOW options for create base Map 
For saving the model data, such as D:\hussein mod \ mod.vmf, and type the file 
name for the model. Click OK on Create.  
 
 *Assign Model Grid &Data: 
- Specify the Georeference Point and model Co-ordinates (fig 3.9) 
The second step in running a flow simulation is to generate the model grid (mesh), 
specify boundary conditions, and assign model parameters to the model grid. 
 
   
  
 
 
 
 
 
 
 Fig (3.9) V.Mod Flow option to select model regions  
  *Input Data: 
    The input data include: pumping rates from the wells, wells casing display as 
elevations (minimum and maximum elevations), and properties such as; 
conductivity and storage coefficients, boundaries like rive, recharge…etc. 
 Also must be specifying the river stage elevations top and bottom & river 
conductance through the Wadi. (Fig (3.10, 3.11&3. 12) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (3.10) illustrated the options of the main menu for input data 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 
 
  
 
     Fig (3.11) input data for wells 
 
 
 
 
 
 
 
 
 
 
          
 
  
     Fig (3.12) input the river stage data 
 
 
  Run Input Data: 
 The figures below illustrated the processing of the run. Starting from the run menu 
And choose (Initial Head option from Basic menu –fig 3.13) Click on – Import 
from - ASCII File- next step click on- solver-and select –WHs solver as -example- 
figure (3.14) etc.. .then continues to selected options such as; recharge, layers, and 
translate/Run the steps. 
  
  
 
 
 
 
  
 
 
 
Fig (3.13) The VMOD FLOW require the initial head  
 
 
 
 
 
 
 
 
   Fig (3.14) Select solver to be used in MODFLOW 
 
 
 
    
 
 
 
 
  Fig (3.15) the Model options about applied the Recharge  
 3.10.0. Calibrating the Model 
   What is calibration? 
  Adjustment of parameters with the objective to minimize the residuals (difference 
between observed value and simulated value)  
   Visual MODFLOW comes with an extensive set of built-in model calibration 
plotting utilities and statistical calculations to help you properly evaluate the 
modeling results and interpret the calibration data.  The comprehensive calibration 
plotting utilities and statistical summaries provide you with all the graphical 
interpretation tools you need to properly and thoroughly analyze the model 
calibration data. In addition, Visual MODFLOW is the only modeling software 
package that allows you to assign multi-level observation wells (just like you 
would find in the field) and group the observation points for isolated analysis of 
local model regions. 
 
   3.11.0. Accuracy criteria 
  Types of criteria representing mean deviations such as; mean error (ME), mean 
absolute error (MAE) and root mean squared error (RMSE)  
  ∑
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C = Conductance = K A/L …………………………………………………. (3. 4) 
K: is the hydraulic conductivity of the aquifer. A: is the area of the boundary cell, 
perpendicular to flow. L = length of the river within the cell. 
CHAPTER FOUR 
APPLICATIONS, RESULTS & DISCUSSIONS 
 
4.1.0. Measurement of Parameters (Pumping tests) 
    The determination of (T) and (S) from a pumping test involves direct application 
of the formulas developed in chapter two. Suitable data shown in tables (4.1) and 
(4.2) below these data collected from Wadi Nyala after Nyala City water 
corporation (2006) .The parameters were determined using the following methods: 
1-THEIS Equation,  
2- Jacob solution method 
3-Theis-recovery method 
   
1-THEIS Solution,  
   This figure called the type curve; show the well function W (u) versus 1/u 
(discussed in chapter two) by plotted with the type curve of the drawdown versus 
t/r2 (see chapter three).  
      
 
 
 
 
 
 
 
 
 
       
        Figure (4.1) Show well function W (u) V 1/u 
 
 
   Table (4.1) illustrated the drawdown (s) in meter from observed well and 
the ,time (t) in minute during the pumping and the distance from the pumping well 
( r )  due to constant pumping rate was 23.22 m3/ h and static water depth 7.5 m 
below the datum.   
    Table (4.1) drawdown and pumping test duration  
rank s(m) t(min) r2/t t/r2 
1 2.27 0.50 0.096 10.43 
2 2.31 1.00 0.048 20.85 
3 2.34 1.50 0.032 31.28 
4 2.32 2.00 0.024 41.70 
5 2.32 3.00 0.016 62.55 
6 2.32 4.00 0.012 83.40 
7 2.33 6.00 0.008 125.10 
8 2.33 8.00 0.006 166.80 
9 2.34 10.00 0.005 208.50 
10 2.35 12.00 0.004 250.20 
11 2.35 15.00 0.003 312.75 
12 2.37 20.00 0.002 417.01 
13 2.37 25.00 0.002 521.26 
14 2.38 30.00 0.002 625.51 
15 2.40 40.00 0.001 834.01 
16 2.42 50.00 0.001 1042.51 
17 2.43 60.00 0.001 1251.02 
18 2.45 70.00 0.001 1459.52 
19 2.46 80.00 0.001 1668.02 
20 2.47 90.00 0.001 1876.52 
21 2.49 105.00 0.000 2189.28 
22 2.51 120.00 0.000 2502.03 
23 2.51 135.00 0.000 2814.79 
24 2.54 150.00 0.000 3127.54 
25 2.60 180.00 0.000 3753.05 
26 2.68 240.00 0.000 5004.07 
27 2.73 300.00 0.000 6255.08 
28 2.77 360.00 0.000 7506.10 
 
 
 
 
 
 
     This figure presented the drawdown (s) versus (t/r2) from the table (4.1) above  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.2) type curve of drawdown(s) versus t/r2 
 
. THEIS Equation results  
         Tt
Sru
4
2
=  
         )(4
),( uW
T
Qtrs π=  
-1/ u = 15 hence u     = 0.0667  from equations above find: 
- Q = 23.22 m3/h       = 0.387m3/min  Transmissivity (T)  
                                  = 0.0065 m3/sec  T = 0.0005 m2/sec………..…. (i) 
- s                              = 1.5 m   S = 0.002  
- t/r2                           = 15 
- W (u)                      = 1.5 
 Where; the values of 1/ u, s, t/r2 and W (u) written from the types curves above 
after plotted together. 
 
 
 
 
2- Jacob solution method 
  The technique uses the approximation to the Theis well function the solution 
procedure discussed in chapter two. By read to and ∆s from the figure(4.3) below 
and applied the Jacob solution technique following the results of (T) and (S). 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.3) Show drawdown(s) meter versus time t (m) 
 
2- The Jacob solution Technique  
  
  2
25.2
r
TtS o=  to = 0.00104 T = 0.0057……….. (ii)  
      s
QT ∆= π4
30.2
 ∆s = 0.208 S = 0.00027 
 
 
 
 
 
 
3- Theis Recovery method, 
  Also the Recovery method the third technique for estimate the Transmissiviy (T) 
and the Storage coefficient (S),  after estimate the slope from the curve and  ∆s. 
The pumped was duration 6 hours at constant rate 23.22 m3/h & static water depth 
7.60 m below datum. 
Table (4.2) illustrated pumping test duration and drawdown (recovery) 
t' s' t(min) t/t' 
0.25 2.670 360.25 1441.00 
0.50 0.320 360.50 721.00 
1.00 0.180 361.00 361.00 
1.50 0.170 361.50 241.00 
2.00 0.150 362.00 181.00 
2.50 0.140 362.50 145.00 
3.00 0.130 363.00 121.00 
4.00 0.120 364.00 91.00 
6.00 0.100 366.00 61.00 
8.00 0.090 368.00 46.00 
10.00 0.080 370.00 37.00 
12.00 0.080 372.00 31.00 
15.00 0.070 375.00 25.00 
20.00 0.070 380.00 19.00 
25.00 0.060 385.00 15.40 
30.00 0.060 390.00 13.00 
 
 
 
 
 
 
 
 
 
 
        Figure (4.4) Show the s/ versus t/t/ 
 Following result of the recovery method technique  
             
T
Qs π4
30.2=∆  ∆s = 1.08 m  
              s
QT ∆= π4
30.2
 T = 0.0011 ………………….. (3)  
 
The average values of (T) & (S) from the above results 
T = (0.0005 + 0.0057 + 0.0011) /3       = 0.0024 m2/sec 
                                                                       = 211.454 m2/day 
 Storage coefficient (S): 
S =    (0.002 +0.00027)/2                      =   0.00114 
 
 *Comment of the results 
    The Transmissivity (T) and Storage coefficient (S) Estimated above by three 
techniques gave three values, but only average values of these parameters had been 
used; in this research based upon existing information. It has been found that the 
good values of (T) and (S) and from the high value of (S) confirm that the aquifer 
is the unconfined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4.2. Pumping rate  
    Data on pumping rates for the wells operating in the aquifer were obtained from 
the data presented in table (4.3) below. The data is taken from the different 
locations of wells along the Wadi. 31% pumped from the wells which located in 
the main Wadi and 19%, 14%, 13%&4% from wells located at Musia, Kundwa, 
Faneya and Elneem Forest respectively. Figures (4.5) and (4.6) below. 
 
   Table (4.3) shows total pumping rate of each wells during year (2007) 
 
Station No. Well No.Days Pumping rate (m3/d/w) Total rate 
(m3/year) 
2 184 1470 540960 
2 181 630 228060 
Main 
4 365 630 919800 
3 184 840 463680 Karari 
3 181 525 285075 
4 184 840 618240 Musia 
4 181 630 456120 
Faneya 3 365 735 804825 
Kundwa 4 365 735 1073100 
Elneem 
Forest 
1 184 735 135240 
Main 1 181 525 95025 
Total 5620125 
  
 
* Total Pumping Rate during Years for all wells   =   5620125 m3/year 
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   Figure (4.5) presents the total pumping rate from the locations mention in the 
table (4.3) above, while figure (4.6) shows the percent of the wells pumping during 
the year (2007).   
 
 
 
 
 
 
 
 
 
 
 
                    
                       
                       
               Figure (4.5) Total pumping rate at different stations  
 
 
 
 
 
 
 
 
          
 
    Figure (4.6) Show presentation of pumping rate for the stations in fig (4.5)  
 
4. 3. Estimation the Hydraulic Conductivity (K)  
   Transmissivity (T) = hydraulic conductivity (K) * Aquifer thickness (h)   
According to the data in  appendix (C ) found that the values of (h) ranged between 
110.5 m to 41.1m so that by taken the base level equal 550 m then subtracted it 
from the (W. T. L) column eight; for several values found the value of K ranged 
between (2 – 5) m/d.  
 
4.4. Model Boundary Conditions 
  Aquifer boundaries are important in simulation. There are many types of 
boundaries, the most important of these are. 
1- Impermeable boundaries (It is a boundary through which no flow can pass). 
This type of boundary is simulated by setting transmissivity at zero just out 
side the boundary node. 
2- Fixed potential boundary; this is a boundary at which the head is fixed to a 
constant value such as sea and river levels.  
3- Recharge boundary where a certain value of water inter the aquifer from the 
adjacent. 
 In this research the following boundary conditions were used in the modeling:  
a- No flow boundary at all sides  
b- River boundary to take Wadi Nyala in to consideration  
 -Recharge was considered to take place from the river only, and it was applied to 
the top grid layer of aquifer boundaries, recharge from rainfall was considered to 
be zero.  
- Figure (4.7) below shows the in active, active cells and the Wadi course in the 
aquifer boundaries, while figure (4.8) presents the observations wells locations. 
 
 
 
 
Aquifer boundaries  
 
 
 
 
 
 
 
Fig (4.7) illustrated the active & inactive cells in the Aquifer boundaries  
 
 
 
 
 
 
 
 
 
 
 
 
Fig (4.8) Observations wells locations for wells No. 1,2,3,4 &5. 
 
 
 
 
 
 
 
 
4.5. Model Calibrations and Results 
  a-Model calibration 
   Table (4.4) shows the calibrated of the results done by Root Mean Squared Error 
(RMSE).These results due to different values of river conductance, the input and 
out put are show in appendices (D) to (H) as examples.  
Table (4.4) Show the Root Mean Squared Error (RMSE) for different wells  
River 
Conductance 
(m2/day) 
Well: 
 O1 
Well : 
O2 
Well: 
O3 
Well: 
O4 
Well: 
O5 
Average 
211 3.354 4.063 5.014 3.640 1.910 3.596 
215 3.259 4.243 4.786 3.640 2.100 3.606 
220 2.418 3.247 5.103 3.660 1.980 3.282 
230 2.413 3.039 5.115 3.670 1.980 3.243 
300 3.151 4.117 4.855 3.760 1.960 3.569 
500 2.833 3.840 5.030 4.040 2.040 3.557 
 
   From the table the minimum average of (RMSE) for the five observation wells   
equal 3.243 when the river conductance take value 230 m2/day it is the best one 
Figure (4.9) presented the some results such as contour maps of head and 
drawdown. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Fig (4.9) Show some result of model such as head contour map 
 
 4.6. Discussion of graphs 
    Figure (4.10) up to figure (4.14) presented the observed and calculated head 
versus time for different wells at the Wadi Nyala Aquifer (Case study), by used 
best value of the river conductance, the scatter of observed and calculated values of 
head illustrated in the same figures. While figure (4.15) to (4.17) presented the 
drawdown versus time due to constant pumping rate through the five years, the 
maximum value of drawdown in table (4.5) below. 
  By increasing pumping rate 50% and 100% see result at that table, the discussions 
are in the next pages.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.6.1. Graphs of the best results due to River Conductance (230 m2/day) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.10) Shows Observed & Calculated head v time for well: O1 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.11) Shows Observed & Calculated head v time for well: O2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.12) Shows Observed & Calculated head v time for well: O3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.13) Show Observed & Calculated head v time for well: O4 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.14) Show Observed & Calculated head v time for well: O5 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Table (4. 5) shows the actual pumping rate observed from the wells (1, 2, 3, 4 &5), 
and the increase rates. The actual pumping rate in this table selected from table 
(3.4) in chapter three.  
 
4.7. The in put data for testing of wells & Aquifer parameters  
 - The actual and increasing   pumping rates of five wells presented in table (4.5) 
below, while the aquifer parameters; such as hydraulic conductivities ( Kx, KY & 
Kz) , specific storage (Ss), specific yield (Sy),effective porosity (eff.por) ,total 
porosity  (Tot.por) and recharge are show in table (4.6) 
    Table (4.5) shows the in put data for testing wells  
Pumping rate in (m3/d) Obs.well  
Actual pumping 
rate  
Increase pumping 
rate  50 % 
Increase 
pumping  rate 
100 % 
O1 1470 2205 2940 
O2 630 945 1260 
O3 840 1260 1680 
O4 735 1103 1470 
O5 525 788 1050 
  
 Table (4.6) shows aquifer parameters 
Kx 
(m/d) 
Ky 
(m/d) 
Kz 
(m/d) 
Ss 
 
Sy Eff.por Tot.por Recharge 
mm/year 
5.0 1.0 2.0 0.00114 0.02 0.20 0.22 3.00 
 
   Figures (4.15) to (4.17) show the drawdown versus time due to different 
pumping rate through five years for the wells. The maximum value of drawdown 
in table (4.7) below, while figures (4.18) to (4.21) show the drawdown when 
increase pumping rate by 50 % and 100 %. 
4.8.0. Drawdown graphs 
   Figure (4.15) shows the drawdown versus time due to pumping rate (1470) 
m3/day through (1890 days) from well1 and the best river conductance (230) 
m2/day) at period -1 
Well1 - Period -1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4.15) Show drawdown for well1 for 5 years due to pumping rate 1470 m3/d 
 
Well1 - Period -21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure (4.16) Shows drawdown for well1 for 5 years due to pumping rate 1470 
m3/d 
    Drawdown versus time for well5 due to pumping well (525) m3/day through 
(1890 days) and the best river conductance (230) m2/day 
Well5 -Period-1 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure (4.17) Show drawdown for well5 for 5 years due to pumping rate 525 m3/d 
 
 Comment:  
   Period-1and period-2 means the year’s days divided in different Periods such as:  
period-1, 2, 3, 4…, period-21. According to autumn and dry season .For example:-  
• 1-90 days found recharging (i.e. autumn season )   
• 91-365 days no recharging   ( i.e. dry season ) 
• 366-456 days recharge period …and so on.  
    
 
 
 
 
 
4.9.0. Future forecast scenarios 
   There are two scenarios are considered  
1- Increase pumping rate by 50% from the exist volume  
2- Increase pumping rate by 100% from the exist volume 
   The following table shows the max value of drawdown comparison due to 
increase pumping rate by 50% & 100% in the future through five years are coming.  
 
4.9.1. Comparison of Results 
   Table (4.7) show the maximum drawdown for five wells due to increase 
pumping    rate by 50% & 100% 
Maximum drawdown (m) Observed 
Wells Existing pumping 
rate 
Increase pumping 
rate by 50% 
Increase 
pumping rate 
by 100% 
O1 4.0 m 20.0 m 30.0 m 
O2 3.0 m 10.0 m 12.0 m 
O3 3.9 m 11.0 m 12.0 m 
O4 2.4 m 4.0 m 7.0 m 
O5 3.5 m 4.0 m 9.0 m 
   Comment: In generally average wells depth in wadi Nyala range from (15 m to 
30 m), while at the some locations of observed wells such as O4 & O5 the average 
wells depths are range between (10.6, 11.5, 9.64 &9.2) m (after UNICEF – WES-
OXFAM-CARE &SPRC in (April 2004 and March 2007)), in other location found 
the average wells depth range between (20 -50) m. (after Hamid Omer Ali, 2002). 
 
4.9.2. Discussion results  
    From the table (4.5) above clear that the drawdown increased by increase 
pumping rate, but there is no problem  when the pumping increase 50%  .while the 
problems happen in some wells by increased pumping 100%.I recommend by other 
sources of water supply such as hafirs, water harvesting in many small Wadis to 
support the City by water. 
 
 4.9.3. Some example of drawdown graphs due to increase pumping rate by 
50% & 100% 
  Following some example of drawdown for wells, in the first five years no 
problem in drawdown value but in the five last years show increasing the amounts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (4.18) Shows drawdown due to increase pumping rate by 50% for well1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (4.19) Shows drawdown due to increase pumping rate by 50% for well4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (4.20) Shows drawdown due to increase pumping rate by 100% for well1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (4.21) Shows drawdown due to increase pumping rate by 100% for well4 
 
 
CHAPTER FIVE 
SUMMARY, CONCULOSION&RECOMMENDATIONS 
 
5.1. Summary 
   This research done in Wadi Nyala aquifer in south Darfur state .The aim of the 
research is to investigate the potential of Wadi Nyala as water sources for the 
supply of Nyala city and adjacent villages. Data needed for the study consists of 
meteorological and hydrological data, such as rainfall, evaporation, Wadi runoff, 
groundwater levels, topographic maps and groundwater hydrogeological 
information. The input data consists of the annual pumping rate, Recharge, Aquifer 
bed elevation, top elevation, head elevation, river stage elevation, river 
conductance, storage coefficient, river boundaries and hydraulic conductivity...etc. 
Pumping test data was analysed to determine the Wadi Nyala aquifer 
hydrogeologic characteristics. Computer modeling is one of the effective tools for 
management; if it is well constructed and approximating field condition 
reasonably. A groundwater model based on VISUAL MOD Flow has been 
developed for Wadi Nyala. The processing of the data in the mathematical model 
completed by the program, and applied unsteady state equations. The model has 
been calibrated and various future management scenarios were tested. As a result 
of the study, it was found that the Wadi Nyala has a considerable potential 
groundwater resource, and no problems in the model and observant field results by 
increase pumping rate 50% but when the pumping increased as of 100% a problem 
was detected in drawdown in some wells through the Wadi course; (as shown in 
table (4.7) -chapter four). In this area (Wadi Nyala Aquifer), no previous studies 
were carried out using this Model (i.e. V.MODFLOW Model); however, the 
calibration of the results done between the Models results and the observant field 
data graphs from figure (4. 10) to figure (4.14). Study area covered boundaries 
about 5.74 km from North to South and 28.8 km from West to East or occupied 
approximately 165.312 km2. 
   
 
5.2. Conclusion  
    It is undoubted that water is the most important tool for life, and fortunately 
Sudan is very rich in water resources. Sudan's share of Nile water will not be 
enough for development, a matter that must be considered for the future. Thus, 
groundwater resources have to be further developed. In Western Sudan (i.e. Study 
area -Wadi Nyala-), water resources are limited to Wadis, Aquifers, and 
Hafirs…etc, as River Nile waters do not extend to the area. In analyzing the 
existing data, the values of all parameters such as (T), (S) and the hydraulic 
conductivity (K) were found good, and the high value of (S) confirmed that the 
aquifer is the unconfined. 
- the results found that no major difference between values of observant head and 
calculated head; The  100% pumping rate increase resulted in some problems in 
the water levels, unlike when increase rate was just 50% (drawdown comparison in 
table (4.7) chapter four). Therefore, artificial recharge must take place to restore 
supplies from aquifer due to increase in pumping rates. 
   
5.3. Recommendations 
 Following are some recommendations for present and future forecast based on the 
results of the study: 
1-It is recommended to improve the rain gauges station at Wadi Nyala. 
2-In this research it was assumed that the recharge was applied to the top grid layer 
from the aquifer boundaries; in the future projects, I recommended that the 
recharge must apply to the highest active cell in each vertical column. 
3-At present here is little or no monitoring of groundwater and little or no analysis 
of water use, I strongly recommend the establishment of centers for monitoring 
and analyzing surface and groundwater.  
4-Future researches, as well, must consider larger scope of study than that dealt 
with in this study. 
5-Sustainable development for groundwater resources, conserving the environment 
and getting aware of the possible challenges. 
6- Also I recommend by adopting Artificial Recharge to store underground excess 
surface-water supplies for subsequent use or to alleviate flooding. 
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Appendix (A): Groundwater Quality Analyses for Kalma IDP Camp in South Darfur (Nyala) 
Appendix (B) Nyala Monthly rainfall from (1970-2004) 
Years Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Des
1970 0.0 0.0 0.0 0.0 0.0 10.0 143.0 116.0 199.0 41.0 0.0 0.0 
1971 0.0 0.0 0.0 0.0 13.0 41.5 67.5 110.5 126.3 9.6 0.0 0.0 
1972 0.0 0.0 0.0 0.0 56.4 64.8 86.4 32.6 95.8 11.5 0.0 0.0 
1973 0.0 0.0 0.0 15.6 27.0 20.0 194.0 38.0 34.5 33.3 0.0 0.0 
1974 0.0 0.0 0.0 0.0 30.0 29.5 175.0 171.0 NA NA 0.0 0.0 
1975 0.0 0.0 0.0 0.0 2.7 61.3 134.4 116.2 98.3 0.0 0.0 0.0 
1976 0.0 0.0 0.0 1.6 0.5 40.2 100.0 46.6 75.4 46.4 0.0 0.0 
1977 0.0 0.0 0.0 0.0 21.9 66.4 70.8 166.9 8.1 18.2 0.0 0.0 
1978 0.0 0.0 0.0 0.0 27.4 50.3 74.6 217.9 33.1 76.3 0.0 0.0 
1979 0.0 0.1 0.0 1.6 19.1 50.5 56.2 106.0 58.8 26.0 0.0 0.0 
1980 0.0 0.0 0.0 0.0 31.5 106.5 217.0 81.3 97.1 0.0 0.0 0.0 
1981 0.0 0.0 8.6 0.0 3.3 42.1 158.3 56.2 29.5 41.0 0.0 0.0 
1982 0.0 0.0 0.0 0.0 0.0 45.6 45.5 82.9 89.6 8.8 0.0 0.0 
1983 0.0 0.0 0.0 0.0 7.0 77.0 123.7 53.4 75.5 0.0 0.0 0.0 
1984 0.0 0.0 0.0 0.0 20.9 0.8 86.4 49.1 38.7 1.4 0.0 0.0 
1985 0.0 0.0 11.0 1.0 8.0 14.6 125.3 103.2 88.7 0.0 0.0 0.0 
1986 0.0 0.0 0.0 0.0 0.0 16.8 116.1 18.7 46.2 17.0 0.0 0.0 
1987 0.0 0.0 0.0 0.0 20.0 15.0 72.3 34.7 93.5 13.0 0.0 0.0 
1988 0.0 0.0 0.0 0.0 22.7 49.3 117.0 234.8 69.6 0.0 0.0 0.0 
1989 0.0 0.0 0.0 0.0 66.8 106.9 95.8 76.9 51.1 25.2 0.0 0.0 
1990 0.0 0.0 0.0 0.0 0.0 5.0 125.7 84.9 63.6 9.8 0.0 0.0 
1991 0.0 0.0 0.0 0.0 13.2 103.0 129.5 143.0 29.8 0.0 0.0 0.0 
1992 0.0 0.0 0.0 0.0 12.0 3.7 120.0 115.7 39.5 23.7 0.0 0.0 
1993 0.0 0.0 0.0 0.0 71.2 102.0 54.5 133.8 50.0 0.0 0.0 0.0 
1994 0.0 0.0 0.0 0.0 67.2 55.0 30.0 196.0 41.7 27.0 0.0 0.0 
1995 0.0 0.0 0.0 0.0 13.9 1.5 119.3 110.4 48.6 2.0 0.0 0.0 
1996 0.0 0.0 0.0 0.0 3.9 113.2 63.8 80.9 70.6 29.4 0.0 0.0 
1997 0.0 0.0 0.0 2.8 0.8 57.6 183.2 101.5 45.2 6.9 0.0 0.0 
1998 0.0 0.0 0.0 1.1 4.6 15.0 155.1 107.5 80.3 16.5 0.0 0.0 
1999 0.0 0.0 0.0 0.0 25.5 8.2 93.9 215.5 89.4 48.2 0.0 0.0 
2000 0.0 0.0 0.0 0.0 10.7 45.1 127.7 142.1 145.3 81.5 0.0 0.0 
2001 0.0 0.0 0.0 0.0 10.2 36.0 111.6 64.5 102.6 0.0 0.0 0.0 
2002 0.0 0.0 0.0 0.0 1.0 16.0 46.4 102.8 75.5 57.5 0.0 0.0 
2003 0.0 0.0 0.0 3.0 84.6 109.8 98.2 246.7 76.5 7.3 0.0 0.0 
2004 0.0 0.0 0.0 14.0 0.0 20.6 137.1 186.2 39.2 34.8 0.0 0.0 
 
NOTE: NA - NOT AVAILABLE 
 
Appendix (C) Geographical information data & (S.W.D) from study area 
Point Lati (N) Long(E) x(km) y(km) 
G.S 
elev(m) 
S.W.D 
(m) 
W.T.L 
(m) 
1 12.01.25 24.51.28 0.00 0.00 669 8.50 660.50 
2 12.01.25 24.53.15 0.00 5.56 668 8.90 659.10 
3 12.02.31 24.53.57 0.80 3.17 659 8.40 650.60 
4 12.02..28 24.54.56 1.60 3.38 659 6.40 652.60 
5 12.02.21 24.55.05 2.40 3.38 652 6.30 645.70 
6 12.02.04 24.55.36 3.20 3.27 650 5.80 644.20 
7 12.021.35 24.56.05 4.00 4.58 646 7.50 638.50 
8 12.01.34 24.56.18 4.80 4.72 645 6.00 639.00 
9 12.01.29 24.56.24 5.60 4.37 643 6.00 637.00 
10 12.01.12 24.56.14 6.40 4.15 641 4.50 636.50 
11 12.01.12 24.56.29 7.20 4.58 640 5.40 634.60 
12 12.00.59 24.56.37 8.00 4.32 639 6.00 633.00 
13 12.00.21 24.57.04 8.80 3.91 640 6.10 633.90 
14 12.00.31 24.57.16 9.60 4.13 639 5.70 633.30 
15 12.00.20 24.57.18 10.40 3.95 638 2.70 635.30 
16 12.00.17 24.57.45 11.20 3.12 635 4.60 630.40 
17 12.00.53 24.57.49 12.00 3.45 634 4.70 629.30 
18 11.59.30 24.59.34 12.80 2.97 634 4.80 629.20 
19 11.59.26 24.59.55 13.60 3.91 632 4.60 627.40 
20 11.59.09 24.59.39 14.40 3.32 632 4.70 627.30 
21 11.59.35 25.00.13 15.20 4.72 621 3.45 617.55 
22 11.58.58 25.00.04 16.00 3.47 619 5.40 613.60 
23 11.59.21 25.00.11 16.80 4.35 619 6.00 613.00 
24 11.59.38 25.00.21 17.60 4.89 618 6.10 611.90 
25 11.58.38 25.01.26 18.40 4.11 617 5.70 611.30 
26 11.58.14 2501.13 19.20 3.10 618 2.70 615.30 
27 11.58.52 25.01.43 20.00 4.82 618 4.60 613.40 
28 11.57.49 25.01.16 20.80 2.71 611 4.70 606.30 
29 11.58.09 25.01.30 21.60 3.17 611 4.80 606.20 
30 11.58.16 25.02.00 22.40 4.26 611 4.60 606.40 
31 11.58.34 25.02.05 23.20 4.69 610 4.70 605.30 
32 11.56.43 25.02.43 24.00 2.18 610 3.45 606.55 
33 11.57.10 25.03.00 24.80 3.71 608 4.50 603.50 
34 11.54.33 25.03.02 25.60 3.16 609 3.90 605.10 
35 11.55.58 25.05.11 26.40 3.19 602 3.90 598.10 
36 11.55.60 25.05.33 27.20 4.34 601 4.00 597.00 
37 11.55.64 25.06.4 28.00 3.16 594 2.90 591.10 
38 11.56.35 25.06.42 28.80 5.74 594 2.40 591.60 
39 11.53.59 25.04.52 27.92 0.00 594 2.00 592.00 
 
Appendix (D) observation and calculation head of well1due to river conductance 
230 m2/d  
 
period Time (day) Observed 
Head (m) 
calculated 
Head (m) 
error (error)2 
1 90 603.00 601.64 1.36 1.85 
2 180 600.00 598.87 1.13 1.28 
3 270 598.00 597.81 0.19 0.04 
4 360 599.00 596.96 2.04 4.16 
5 450 605.00 601.98 3.02 9.12 
6 540 602.00 600.90 1.10 1.21 
7 630 598.00 600.22 -2.22 4.93 
8 720 600.00 599.37 0.63 0.40 
9 810 602.00 603.29 -1.29 1.66 
10 900 603.00 600.60 2.40 5.76 
11 990 602.00 599.66 2.34 5.48 
12 1080 603.00 598.91 4.09 16.73 
13 1170 605.00 602.97 2.03 4.12 
14 1260 595.00 600.41 -5.41 29.27 
15 1350 602.00 599.55 2.45 6.00 
16 1440 599.00 598.87 0.13 0.02 
17 1530 605.00 602.99 2.01 4.04 
18 1620 597.00 600.47 -3.47 12.04 
19 1710 598.00 599.65 -1.65 2.72 
20 1800 596.00 598.99 -2.99 8.94 
21 1890 600.00 598.42 1.58 2.50 
∑ 122.26 
RMS 2.413 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix (E) observation and calculation head of well2due to river conductance 
230 m2/d  
 
 
period Time 
(day) 
Observed 
Head (m) 
calculated 
Head (m) 
error (error)2 
1 90 605.00 600.41 4.59 21.07 
2 180 600.00 598.07 1.93 3.72 
3 270 598.00 596.92 1.08 1.17 
4 360 599.00 596.04 2.96 8.76 
5 450 604.00 603.26 0.74 0.55 
6 540 602.00 604.12 -2.12 4.49 
7 630 599.00 602.55 -3.55 12.60 
8 720 600.00 600.51 -0.51 0.26 
9 810 605.00 603.48 1.52 2.31 
10 900 604.00 601.04 2.96 8.76 
11 990 602.00 599.79 2.21 4.88 
12 1080 603.00 598.84 4.16 17.31 
13 1170 606.00 602.47 3.53 12.46 
14 1260 595.00 600.42 -5.42 29.38 
15 1350 604.00 599.43 4.57 20.88 
16 1440 599.00 598.66 0.34 0.12 
17 1530 603.00 602.43 0.57 0.32 
18 1620 597.00 600.42 -3.42 11.70 
19 1710 598.00 599.55 -1.55 2.40 
20 1800 596.00 598.83 -2.83 8.01 
21 1890 603.00 598.22 4.78 22.85 
∑ 194.01 
RSM 3.039 
 
 
 
 
 
 
 
 
 
 
Appendix (F) observation and calculation head of well3due to river conductance 
230 m2/d  
 
period Time 
(day) 
Observed 
Head (m) 
calculated 
Head (m) 
error (error)2 
1 90 603.00 600.43 2.57 6.60 
2 180 601.00 598.64 2.36 5.57 
3 270 600.00 598.08 1.92 3.69 
4 360 599.00 597.69 1.31 1.72 
5 450 597.00 601.51 -4.51 20.34 
6 540 596.00 599.82 -3.82 14.59 
7 630 591.00 599.28 -8.28 68.56 
8 720 598.00 598.93 -0.93 0.86 
9 810 603.00 603.77 -0.77 0.59 
10 900 595.00 601.13 -6.13 37.58 
11 990 596.00 600.60 -4.60 21.16 
12 1080 599.00 600.21 -1.21 1.46 
13 1170 604.00 603.96 0.04 0.00 
14 1260 601.00 602.27 -1.27 1.61 
15 1350 594.00 601.69 -7.69 59.14 
16 1440 593.00 601.26 -8.26 68.23 
17 1530 602.00 604.93 -2.93 8.58 
18 1620 597.00 603.21 -6.21 38.56 
19 1710 594.00 602.60 -8.60 73.96 
20 1800 592.00 602.13 -10.13 102.62 
21 1890 598.00 601.73 -3.73 13.91 
∑ 549.34 
RMS 5.115 
 
 
 
 
 
 
 
 
 
 
 
Appendix (G) observation and calculation head of well4due to river conductance 
230 m2/d  
 
 
period Time 
(day) 
Observed 
Head (m) 
calculated 
Head (m) 
error (error)2 
1 90 598.00 600.44 -2.44 5.95 
2 180 595.00 597.56 -2.56 6.55 
3 270 594.00 596.90 -2.90 8.41 
4 360 596.00 596.54 -0.54 0.29 
5 450 599.00 600.49 -1.49 2.22 
6 540 595.00 597.74 -2.74 7.51 
7 630 593.00 597.13 -4.13 17.06 
8 720 592.00 596.80 -4.80 23.04 
9 810 591.00 600.67 -9.67 93.51 
10 900 593.00 598.00 -5.00 25.00 
11 990 595.00 597.43 -2.43 5.90 
12 1080 596.00 597.11 -1.11 1.23 
13 1170 599.00 600.85 -1.85 3.42 
14 1260 597.00 598.29 -1.29 1.66 
15 1350 596.00 597.75 -1.75 3.06 
16 1440 594.00 597.45 -3.45 11.90 
17 1530 598.00 601.02 -3.02 9.12 
18 1620 597.00 598.57 -1.57 2.46 
19 1710 592.00 598.07 -6.07 36.84 
20 1800 594.00 597.80 -3.80 14.44 
21 1890 596.00 597.61 -1.61 2.59 
∑ 282.19 
RMS 3.67 
 
 
 
 
 
 
 
 
 
 
Appendix (H) observation and calculation head of well5due to river conductance 
230 m2/d  
 
period Time 
(day) 
Observed 
Head (m) 
calculated 
Head (m) 
error (error)2 
1 90 603.00 601.84 1.16 1.35 
2 180 599.00 598.77 0.23 0.05 
3 270 598.00 598.04 -0.04 0.00 
4 360 600.00 597.51 2.49 6.20 
5 450 602.00 602.64 -0.64 0.41 
6 540 601.00 599.65 1.35 1.82 
7 630 602.00 598.90 3.10 9.61 
8 720 603.00 598.35 4.65 21.62 
9 810 604.00 603.42 0.58 0.34 
10 900 602.00 600.43 1.57 2.46 
11 990 603.00 599.68 3.32 11.02 
12 1080 602.00 599.11 2.89 8.35 
13 1170 604.00 604.13 -0.13 0.02 
14 1260 600.00 601.16 -1.16 1.35 
15 1350 601.00 600.40 0.60 0.36 
16 1440 602.00 599.84 2.16 4.67 
17 1530 603.00 604.82 -1.82 3.31 
18 1620 601.00 601.85 -0.85 0.72 
19 1710 600.00 601.08 -1.08 1.17 
20 1800 598.00 600.51 -2.51 6.30 
21 1890 599.00 600.04 -1.04 1.08 
∑ 82.21 
RMS 1.98 
 
 
